INTRODUCTION
Paleomagnetic study of the continental deposits in the San Juan Basin was originally undertaken to determine the placement of Puercan (early Paleocene), Torrejonian (middle Paleocene), and Tiffanian (late Paleocene) land mammal ages with respect to the independent chronologic framework provided by the magnetic polarity time scale. Several publications (Butler et al. 1977; Taylor and Butler 1980; Lindsay et al. 1978 Lindsay et al. , 1981 have reported paleomagnetic data and interpretations of the polarity zonation from the late Cretaceous and Paleocene continental deposits. The stratigraphic succession includes the Fruitland and Kirtland Formations, Ojo Alamo Sandstone, and Nacimiento Formation. An initial study of the magnetic mineralogy was published by Butler (1982) The initial study of the rock-magnetism of the San Juan Basin sediments (Butler 1982) indicated only minor oxidation of magnetic minerals overall. However, some indications of oxidation were found in samples from the upper Kirtland Formation just below the Ojo Alamo Sandstone. Because this is the stratigraphic level from which the normal polarity magnetozone y + in the San Juan Basin composite section was determined ( fig. 1) , we became concerned that this magnetozone could have suffered post-depositional remagnetization. This concern prompted a detailed re-collection of that stratigraphic interval coupled with a more detailed examination of the mineralogy of the magnetic minerals. The results of these studies are presented below.
MINERALOGY OF MAGNETIC MINERALS AND PALEOMAGNETIC DATA
Results of a detailed study of the magnetic mineralogy of continental sediments from the San Juan Basin are described below. These results establish that the dominant ferrimagnetic mineral in these sediments is titanohematite with composition intermediate between hematite and ilmenite. Paleomagnetic and rock-magnetic data from re-collected sections in the Kirtland Formation and Ojo Alamo Sandstone are then presented. These data indicate that magnetozone y + ( fig. 1 ) is a normal polarity viscous overprint on a primary component of reversed polarity. This magnetozone must be removed from the polarity zonation of the San Juan Basin. Paleomagnetic data are also presented from two additional sections not included in our original magnetostratigraphic study. The resulting data indicate that the stratigraphic interval below the Ojo Alamo Sandstone is of reversed polarity in all sections studied.
Magnetic Minerals.-Paleomagnetic data from numerous stratigraphic sections in the San Juan Basin have been published by Taylor and Butler (1980) and Lindsay et al. (1981) . The limited rock-magnetic studies which accompanied those paleomagnetic investigations indicated that alternating-field (AF) demagnetization seemed to be effective in removing secondary components of the natural remanent magnetization (NRM). Progressive AF demagnetizations were performed on a small proportion of the total sample collection (-5%). These experiments revealed the presence of two components of NRM. A low coercivity viscous remanent magnetization (VRM) was often observed and was erased by AF demagnetization to peak fields of about 20 mT. A "primary" component of NRM was observed to have coercivity dominantly between 20 and 60 mT. Several observations led to the conclusion this component was a depositional remanent magnetization (DRM) carried by magnetite. Although few detailed studies of magnetic mineralogy of continental sediments have been published, magnetite (or titanomagnetite with low Ti content) is most commonly observed as the dominant detrital magnetic mineral. This generalization is probably accounted for by the occurrence of magnetite as the dominant ferrimagnetic mineral in many igneous and metamorphic rocks. Thus magnetite is likely available from a wide variety of source terranes from which continental sediments are derived. The a priori expectation would be that the dominant magnetic mineral in the San Juan Basin sediments would be magnetite. This expectation seemed to be confirmed by two preliminary experiments on the rock-magnetism of these sediments. Isothermal remanent magnetization (IRM) was predominantly acquired in magnetizing fields up to 300 mT, with only a small further increase of IRM in higher magnetizing fields. This behavior is common for rocks in which the dominant magnetic mineral is magnetite or titanomagnetite (Dunlop 1972; Butler 1982 ). In addition, a single strong-field thermomagnetic experiment on a sample from the San Juan Basin (Shive pers. comm.) indicated a dominant Curie temperature (Tc) of 580°C, the Curie temperature of magnetite. Thus, we felt confident that the primary component of the NRM was a DRM carried by detrital magnetite. As described below, it is now known that this initial strong-field thermomagnetic result is not typical thermomagnetic behavior for the late Cretaceous through Paleocene continental sediments of the San Juan Basin. Subsequent, more detailed work has revealed a much more complex mineralogy of magnetic minerals in the continental sediments of the San Juan Basin.
In the earlier paleomagnetic studies, some progressive thermal demagnetization experiments led to confusing results. Whereas we expected that thermal demagnetizations would reveal blocking temperatures of the NRM distributed below the 580°C Curie temperature of magnetite, the NRM was nearly completely demagnetized at the initial temperature of 200°C used in the thermal demagnetization. At the time, this observation was rationalized by presuming that the heating of these clay-rich sediments in air had led to oxidation of the detrital magnetite. As described below, the proper explanation of the low blocking temperatures for thermal demagnetization is the low Curie temperature (-200°C) of the detrital ferrimagnetic mineral.
An initial study of the mineralogy of magnetic minerals was undertaken by Butler (1982) . That study was initiated primarily to provide additional evidence for the detrital origin of the primary NRM and to investigate the possibility of post-depositional remagnetization of the continental sediments in both the San Juan Basin and the Clark's Fork Basin. Magnetic separates were obtained from nine stratigraphic levels in the San Juan Basin section. Strong-field thermomagnetic experiments revealed Curie temperatures of ~200°C for seven of these magnetic separates. One separate had a Curie temperature of 580°C while the remaining samples revealed the irreversible thermomagnetic characteristics indicative of titanomagnetite. A predominant Curie temperature of ~-200°C was unexpected and was taken to indicate that the dominant magnetic mineral was detrital titanomagnetite (Fe3_xTixO4) with composition intermediate between magnetite and ulvospinel (0.51 < x < 0.54). Intermediate composition titanomagnetites are much less common than is magnetite, except in rapidly cooled mafic volcanic rocks. In an attempt to confirm that the dominant magnetic mineral is indeed titanomagnetite, X-ray analysis was performed on one of the magnetic separates. A spinel standard was added to provide internal calibration peaks for determination of the cell edge. Even after purification of the magnetic separate by heavy liquid separation, only three X-ray peaks from the magnetic separate were sufficiently sharp and close to the peaks of the spinel standard to be of use for determination of the cell edge. The value of 8.467A was interpreted to be indicative of x = 0.54 titanomagnetite, "confirming" the Curie temperature results (Butler 1982) . The additional mineralogic data collected for the present study clearly indicate that the dominant magnetic mineral is titanohematite rather than titanomagnetite. In retrospect, it is clear that many of the previous conclusions about the magnetic mineralogy were strongly influenced by the common belief amongst paleomagnetists that intermediate composition titanohematite is rare. However, results of the present investigation indicate that intermediate composition titanohematite may not be as rare as previously believed.
For the present study, oriented paleomagnetic samples and bulk samples for magnetic separation were collected from 52 sites distributed throughout the entire late Cretaceous to middle Paleocene continental sedimentary section in the San Juan Basin. Magnetic separations were performed on the bulk samples using a technique similar to that described by Butler (1982) but with the addition of pumps for circulating the sediment/ water slurry. This technique produced much more concentrated magnetic separates than were previously obtained. Even with the improved separation technique, significant amounts of quartz and clay particles are also entrained in the magnetic fraction during separation. Strong-field thermomagnetic experiments were performed on all magnetic separates, X-ray diffraction analysis was performed on eight magnetic separates, and polished grain mounts were prepared from five representative magnetic separates. The polished grain mounts were used in the microprobe and reflected light microscopic studies.
The thermomagnetic experiments were similar to those described by Butler (1982) with the exception that a recording microbalance interfaced to a microprocessor was used. The heating chamber was evacuated to 10-2 torr, then backfilled with /2 atmosphere of argon gas. Heating and cooling rate was 10°C/min. Sample weight with the magnetic field turned off was automatically monitored during the thermomagnetic experiment. This base-level weight was measured approximately every 30°C. Changes in the base-level weight were removed from the data by linear interpolation between base-level readings.
Typical results of the thermomagnetic experiments are shown in figure 2. Calibration tests using Cr02 (Tc = 120°C) indicate that the thermocouple temperature leads the sam- Miller indices for peaks on the patterns for magnetite and ilmenite standards are labeled.
beam could be focused entirely within the opaque grain. The grains were analyzed for 10 elements including Al, Mg, Mn, Cr, Fe, and Ti. Concentrations of all elements other than Ti and Fe were always <2%. Microprobe data were used to determine the Ti: Ti + Fe ratio for each grain. The mean and standard deviation of this ratio were computed for each polished grain mount. As can be seen in figure 4, the Ti contents determined from the microprobe data are too high to be accounted for by titanomagnetite and indicate that the opaque grains are most likely intermediate composition titanohematites. Accordingly, the compositions determined from the microprobe analyses were plotted on the titanohematite series.
An example of the X-ray diffraction data is presented in figure 3 . Diffraction patterns for ilmenite and magnetite standards are also illustrated for comparative purposes. X-ray peaks due to the quartz included in the magnetic separate were used for internal calibration. The alignment of the X-ray peaks of the Fe/Ti oxide in the magnetic separate with the peaks of the ilmenite standard clearly indicate a rhombohedral crystal structure for the Fe/Ti oxide in the magnetic separate. Thus the magnetic mineral is indeed an intermediate composition titanohematite Blocking temperatures in the thermal demagnetization experiments should be distributed below the Curie temperature determined from the magnetic separate. Data from one reversed polarity and one normal polarity site exhibiting these desired characteristics are illustrated in figures 6A and 6B, respectively. However, sites with strong evidence for overprinting of the DRM were also found in the three sections mentioned above. Data from a representative overprinted site are illustrated in figure 6C . The AF demagnetization reveals that a considerable portion of the NRM has coercive force >80 mT and blocking temperature >320°C. Thus, the NRM for this site is dominated by a component which cannot be a DRM carried by the detrital titanohematite. IRM acquisition for this site also indicates the presence of a high proportion of the phase with coercive force >300 mT. The NRM of this site is almost certainly dominated by a normal overprint carried by hematite. It is thus quite clear that overprinted (remagnetized) sites do exist in the three sections used to define magnetozone y +. Demagnetization behaviors of overprinted sites were analyzed by vector subtraction techniques for evidence of reversed polarity components. However, no statistically significant evidence of such components was evident.
Of obvious importance to the evaluation of magnetozone y + is the stratigraphic distribution of sites with primary NRM of depositional origin as opposed to overprinted sites. For each site, the AF and thermal demagnetization results were analyzed and the "best" demagnetization level was selected. For sites such as illustrated in figure 6A and 6B, selection of the best demagnetization level is not critical since the direction of the primary NRM is stable over significant ranges of demagnetizing fields and temperatures. For all such sites, no significant difference in primary NRM direction was observed between the AF and thermal demagnetizations. Two features of the data are crucial to the interpretation. First, all sites for which the primary NRM is a DRM carried by titanohematite are of reversed polarity. Second, these reversed polarity sites occur throughout the stratigraphic interval from which y + was originally defined. The observation of reversed polarity sites in these recollected sections where no reversed polarity sites were found in the original collections is in part due to experience in collecting lithologies in which secondary components are minimized and in part due to the detailed demagnetization procedures employed on the re-collections. Lithologies with even slight red or rusty mottling were found to be prone to normal overprinting, although avoidance of lithologies with visible mottling does not guarantee that such overprints are avoided. In order to progress in terms of techniques or recommended practices in magnetic polarity stratigraphy, it is worth asking whether this normal overprint could have been recognized during analysis of the original collections. We believe the overprint could have been recognized by a more thorough study of the rock-magnetism, particularly the progressive demagnetization behavior. Had progressive demagnetizations been done on samples from even one or two sites in the overprinted zone, the presence of that overprint would have become evident. However, since the overprinted zone represented a very small percentage of the total section sampled, no sites from that zone happened to be selected for progressive demagnetization studies. In selecting a "representative" small portion (-5%) of samples from the total sample population for progressive demagnetization experiments, it is important to ensure that the chosen samples are closely spaced in a stratigraphic sense. In a study such as in the San Juan Basin where there were a total of 26 polarity zones distributed amongst the six major sections collected, it would be good practice to subject two sites in each polarity zone to progressive demagnetization experiments. In practice, this will be difficult to do because the polarity zonation is a priori unknown and only evident after the appropriate magnetic cleaning technique determined from the progressive demagnetizations has been employed on the entire section. Perhaps the only practical solution is to subject samples from about 10 or 20% of the sites (evenly spaced stratigraphically) to progressive demagnetization. This procedure would ensure that considerable fidelity would be maintained in monitoring demagnetization behaviors. As regards normal polarity overprints, we would stress that the critical point is that the primary nature of the NRM in any normal polarity zone which is of significance in the interpretation should be adequately documented by thorough progressive demagnetization experiments on samples from that normal polarity zone. 1979a, 1979b, 1982) . These differing interpretations have not changed substantially since publication of the above listed comments and replies. Thus we will not reiterate those arguments here. Instead, we discuss below the implications of the newly acquired paleomagnetic data from Moncisco Mesa and Eagle Mesa. We believe that the magnetic polarity zonation in the Fruitland and Kirtland Formations and in the overlying Nacimiento Formation argue strongly for the clastic wedge model of sedimentation in the San Juan Basin during the late Cretaceous and early Tertiary. However, we will also discuss how the paleomagnetic data could be made to fit the Fassett and Hinds (1971) model. We believe there are severe difficulties in doing so.
Moncisco Mesa and Eagle
In figure 12 , paleomagnetic polarity columns from the Nacimiento Formation at Kutz Canyon and Ojo Encino (Taylor and Butler 1980) Proceeding from northwest to southeast, the erosional disconformity at the K/T boundary would have to cut down into reversed polarity zones which would be correlative with successively older reversed polarity intervals of the magnetic polarity time scale. The disconformity would also have to erode into these successively older reversed polarity zones such as to produce reversed polarity zones beneath the disconformity which are progressively thinner from northwest to southeast. Furthermore, the rate of erosional thinning would have to equal the rate of northwest to southeast depositional thinning observed in the overlying Nacimiento Formation. We find this requirement highly unlikely. The pattern of polarity zones in figure 12 is very simply explained by the clastic wedge model of Dane (1936) but requires a very complicated, ad hoc scenario in order to be consistent with the model of Fassett and Hinds (1971). Taken together with the mineralogy of the magnetic minerals and sandstone petrology which argue for constancy of source terrane, we believe the polarity zonation in the late Cretaceous through Paleocene continental deposits strongly favors the clastic wedge model.
Revised Magnetic Polarity Zonation.-Arguments for correlating magnetic polarity zone a + with chrons 31N and 30N of the magnetic polarity time scale ( fig. 1 and fig. 13 ) have been advanced by Lindsay et al. (1981) . Our interpretation of the available paleontologic, radiometric, and paleomagnetic data pertaining to the age of the Fruitland and Kirtland Formations leads us to maintain that this correlation is by far the most parsimonious. The reader is referred to Lindsay et al. (1981) for a detailed discussion of this issue. The above referenced comments and replies outline counterarguments and our replies regarding this correlation. The above discussion of the polarity zonation and depositional models for the late Cretaceous and Paleocene continental deposits strengthen our belief that sediment accumulation was relatively continuous across the K/T boundary in the San Juan Basin and that polarity zone a + is correlative with chrons 31N and 30N.
In the discussion below, we have correlated polarity zone a+ with chrons 31N and 30N. Given the differing interpretations of that correlation, however, it is worth mentioning the effects on the following discussion which would ensue from correlation of a + with an older polarity chron. We believe that the correlations between polarity zones in the Paleocene Nacimiento Formation with the polarity time scale would be largely unaffected by alternative correlations of polarity zone a + with the polarity time scale. In fact, Lucas and Schoch (1982) have argued previously for the Paleocene correlations given below. They argued (and we now concur) that, in conjunction with the results from the Clark's Fork Basin (Butler et al. 1981 It is also worth noting that an iridium anomaly has been observed within the "Z" lignites (Alvarez et al. 1984a (Alvarez et al. , 1984b . Although various interpretations of the cause of the iridium anomaly found at the K/T boundary in numerous stratigraphic sections have been advanced, and debate continues regarding the biological effects of proposed causes, it seems quite clear that the iridium anomaly at the K/T boundary approximates a global chronostratigraphic horizon. Since the iridium anomaly at the K/T boundary in the pelagic limestone section at Gubbio, Italy occurs within a reversed polarity zone which is securely correlated with chron 29R, the observation of an iridium anomaly in the "Z" lignites would also indicate that the reversed polarity zone containing the K/T boundary in the continental deposits of northeastern Montana is correlative with chron 29R.
As shown in figure 14A 1980, 1984a, 1984b) .
